Recent improvements in diagnostic methods have opened avenues for detection and treatment of (pre)malignant lesions at early stages. However, due to the lack of spontaneous tumor models that both mimic human carcinogenesis and allow direct optical imaging of the vasculature, little is known about the function of blood and lymphatic vessels during the early stages of cancer development. Here, we used a spontaneous carcinogenesis model in the skin of DNA polymerase Hdeficient mice and found that interstitial fluid pressure was already elevated in the hyperplastic/dysplastic stage. This was accompanied by angiogenic blood vasculature that exhibited altered permeability, vessel compression, and decreased Asmooth muscle actin-positive perivascular cell coverage. In addition, the lymphatic vessels in hyperplastic/dysplastic lesions were partly compressed and nonfunctional. These novel insights may aid early detection and treatment strategies for cancer. (Cancer Res 2006; 66(7): 3360-4)
Introduction
Although it is well established that angiogenesis precedes neoplastic transformation (1, 2) , it is unclear how the newly formed blood vessels function and affect the local tissue microenvironment. Moreover, the status of lymphatic vessels during early stages of carcinogenesis is unknown (3) . Because optimal scheduling of antiangiogenic agents can increase the effectiveness of conventional cytotoxic therapy by reversing abnormalities in tumor blood vasculature (4) , understanding the functional changes in blood and lymphatic vasculature may have broad implications for treatment of early cancer stages.
Tumor blood and lymphatic vessels are structurally and functionally abnormal. This abnormality can result from an imbalance in molecular factors regulating vessel growth and maturation as well as from compressive mechanical forces generated by proliferating neoplastic cells (5, 6) . Abnormal growth and maturation can lead to hyperpermeable, tortuous blood vessels whereas compressive forces can cause vessel lumen collapse and thus restrict flow. Although changes in vascular structure during the transition from hyperplasia/dysplasia to neoplasia have been investigated in several murine spontaneous tumor models (7, 8) , to date, corresponding changes in blood and lymphatic vessel function and the interstitial fluid pressure have not been reported. We have recently developed mice genetically deficient for DNA polymerase D (pol g) that exhibit a reproducible pattern of skin squamous carcinomas induced by UVB irradiation (described in ref. 9 ). Here, we use pol g À/À mice to measure interstitial fluid pressure and the structural and functional status of blood and lymphatic vessels in the early stages of carcinogenesis.
Materials and Methods
Animals and UVB irradiation. Mice made deficient in pol g by targeted deletion of exon 4 of the pol g gene were used in these experiments (9) . These mice exhibit a well-defined and reproducible pattern of UVB lightinduced carcinogenesis similar to human xeroderma pigmentosum variant (shown in detail in Figs. 4 and 5A of ref. 9). Pol g À/À and wild-type (WT) mice were UVB irradiated thrice a week at a dose of 3.75 kJ/m 2 each time with a bank of two UVB lamps. UVB flux was measured by a UVX-31 digital radiometer (Blak-Ray lamp Model XX-15M and Model UVX-31, UV Products, Inc., Upland, CA). For all the experiments, Pol g À/À mice were used that had received f10 weeks of irradiation (and had developed hyperplastic/dysplastic lesions) or at least 5 months of irradiation (tumor stage) and compared with WT control mice that had received 3 or 5 months of irradiation.
Interstitial fluid pressure measurements. Interstitial fluid pressure was measured using the wick-in-needle technique (10) . One or two interstitial fluid pressure measurements were obtained per ear in WT mice (n = 5) and in pol g À/À mice during the hyperplastic/dysplastic stage (n = 8) and the tumor stage (n = 6). Briefly, 26-gauge needles with a 1-mm side hole 2 mm from the tip were filled with two surgical sutures (6-0 ethilon). The needle was connected to a pressure transducer by polyethylene tubing filled with sterile heparinized saline. The pressure transducer was connected to an amplifier and the signal was sent to a chart recorder. For all measurements, good fluid communication was confirmed by compressing and decompressing the tubing with a screw clamp and verifying a proper response. The mean pressure was taken before and after compression-decompression. Blood and lymphatic vessel function. To assess vascular function intravitally, angiography and lymphangiography were done in WT, hyperplastic/dysplastic, and tumor-bearing animals (n = 3-5 per group per experiment). Angiography was done using i.v. injection of FITCdextran (M r 2,000,000; Sigma, St. Louis, MO; ref. 6). Lymphangiography was done after slow, intradermal injection of 1 to 2 AL of FITC-dextran (M r 2,000,000; Sigma) in the peripheral ear or the surface of tumors. The vessels were imaged by single-photon fluorescence microscopy as previously described (11) .
Vascular permeability measurements. The effective microvascular permeability coefficient was measured as described (12) using tetramethylrhodamine-labeled or cyanine-5-labeled bovine serum albumin.
Immunohistochemistry and image analysis. For immunohistochemistry, WT, hyperplastic/dysplastic, and tumor-bearing animals (n = 3-5 per group) were injected i.v. with biotinylated Lycopersicon esculentum lectin (10 Ag/g body weight; Vector Laboratories, Inc., Burlingame, CA).
After 5 minutes, animals were sacrificed by percardiac perfusion with 4% paraformaldehyde. Five-micron-thick paraffin sections were prepared from excised, fixed ears. Lectin was detected by horseradish peroxidase-conjugated streptavidin (Vector Elite ABC kit, Vector Laboratories). Immunohistochemistry was done for MECA32 (1:200; BD Biosciences, San Jose, CA), a-smooth muscle actin (aSMA; 1:1,000; Sigma), and LYVE-1 (1:2,000; Upstate, Charlottesville, VA) using microwave antigen retrieval (DakoCytomation, Glostrup, Denmark) and Envision Plus Kit (DakoCytomation). To quantify blood and lymphatic vessel morphology and pericyte coverage, digital images were taken from immunohistochemistry sections. Vessels (lectin/MECA32 or LYVE-1 positive structures) were hand-traced using ImageJ image analysis software as described (6) to calculate the perimeter and aspect ratio-the ratio of maximum to minimum diameter-of stained vessels. Perivascular cell coverage was quantified by double staining of perfused lectin and aSMA. Total number of vessels and vessels covered by pericytes were counted in all groups.
Gene array and quantitative PCR. To determine expression of genes involved in angiogenesis, total RNA was extracted from WT and hyperplastic/dysplastic pol g À/À ears (n = 2-3 per group) using TRIzol reagent (Invitrogen, Carlsbad, CA). To screen for relative expression of multiple genes, cDNA arrays containing 96 genes involved in angiogenesis were used according to the instructions of the manufacturer (GEArray Q Series). Chemilluminescent spots were quantified by densitometry and normalized with h-actin (FluoroChem 8800 system). 
Results
Elevated interstitial fluid pressure in hyperplastic/dysplastic lesions and tumors. We measured interstitial fluid pressure in the ears of WT and pol g À/À mice in the hyperplastic/dysplastic stage or with established tumors. In the hyperplastic/dysplastic stage, interstitial fluid pressure was increased compared with WT mice (4.5 F 0.8 versus À0.2 F 0.7 mm Hg, respectively; P < 0.05). In tumors, interstitial fluid pressure was even further increased (9.7 F 1.1 mm Hg; P < 0.05; Fig. 1A ). Thus, these data show that interstitial fluid pressure is already increased in the hyperplastic/dysplastic stage of carcinogenesis. Abnormal vasculature in hyperplastic/dysplastic lesions and tumors. Elevated interstitial fluid pressure can result from abnormal blood vessels as well as lymphatic vessels. Thus, we first did intravital microscopy to analyze vascular function. Angiography revealed that hyperplastic/dysplastic lesions in pol g À/À mice had abnormal, dilated vessels with multiple leaky spots ( Fig. 1B and C). The microvascular permeability in hyperplastic/dysplastic lesions displayed a wide variability compared with WT ears (9.37 Â (H and I, arrows ) . The vessels also appear compressed. J, quantification of the aspect ratio-the ratio of maximum to minimum axes-of perfused vessels show that vessels in hyperplastic/dysplastic lesions are partially compressed (5.43 F 0.38; n = 164) whereas tumor vessels are compressed to a greater extent (7.59 F 0.55; n = 142) when compared with WT vessels (3.87 F 0.50; n = 41). An aspect ratio of 1 represents a perfect circle. The larger the aspect ratio, the greater the amount of vessel compression. K, quantification of perivascular cell coverage shows that WT vessels are completely covered by perivascular cells whereas hyperplastic/dysplastic vessels and tumor vessels have incomplete perivascular cell coverage. A vessel is considered covered when at least 25% of the perimeter is covered by aSMA-positive cells. mice ( Fig. 1D and E) . Blood vessels in hyperplastic/dysplastic lesions were compressed compared with WT ears, but less compressed than in fully established tumors (Fig. 1D-F and J) . In addition, aSMA-positive perivascular cell coverage was decreased in hyperplastic/dysplastic lesions and even further decreased in tumors (Fig. 1G-I and K) . Taken together, these data show that angiogenic vasculature becomes chaotic, hyperpermeable, and functionally abnormal in the hyperplastic/dysplastic stage of carcinogenesis.
Abnormal Vessel Function in Early Carcinogenesis
Abnormal lymphatics in hyperplastic/dysplastic lesions and tumors. We next assessed whether structural and functional abnormalities of the lymphatics occurred in hyperplastic/ dysplastic lesions. Lymphangiography in WT mice showed normal lymphatic networks ( Fig. 2A) Gene array analysis of hyperplastic/dysplastic lesions. To determine if molecules that have a role in blood and lymphatic vessel formation and remodeling were induced or blocked, we did gene array analysis for 96 genes associated with angiogenesis (Table 1) . Gene array densitometry and subsequent quantitative PCR showed no different expression of major determinants of blood and lymphatic vessel formation and remodeling in the hyperplastic/dysplastic pol g À/À ears versus WT, except for a 3.9-fold up-regulation of IFNg as confirmed by quantitative PCR (Fig. 3D) . Possibly, accumulation or activation of immune cells in hyperplastic/dysplastic lesions contributed to this up-regulation of IFNg (13).
Discussion
Although the importance of angiogenesis during early neoplastic transformation is well recognized, there are no reports that assess the function of blood and lymphatic vasculature during the early stages of cancer development, presumably due to a lack of suitable animal models. In contrast to other transgenic mice (14) , pol g À/À mice exhibit UV lightinduced multistep carcinogenesis in the ears that can be easily accessed with intravital microscopy. Using this novel approach, we found that blood vessels begin to show abnormalities such as increased vascular density, dilation, and hyperpermeability. Blood vessels are also collapsed and have incomplete perivascular cell coverage in the hyperplastic/dysplastic stage. Gene array analysis did not detect different expression of major determinants of blood and lymphatic vessel formation and remodeling in the hyperplastic/dysplastic stage, except for up-regulation of IFNg. These findings are consistent with earlier work that showed no different expression of well-known angiogenic molecules in the hyperplasia stage (7) . IFNg can be expressed by lymphocytes involved in an immune reaction against tumor cells and stroma (15) . At the same time, lymphocytes may play a role in early tumor progression by expression of matrix metalloproteinase 9 (16) . Further investigation will need to address the recruitment and role of lymphocytes and other immune cells in early stages of cancer.
In concert with our previous findings (6, 11, 17), we found no functional lymphatics in established pol g À/À tumors. Surprisingly, even in the hyperplastic/dysplastic stage, lesional lymphatics were more compressed than normal vessels and a significant fraction had no open lumen. At the same time, perilesional vessels were increased in size, possibly providing partially compensatory drainage of the excess interstitial fluid (3). Nearly all lymphatic structures inside tumors were compressed and their size was decreased, suggesting that these are remnants of lymphatic vessels. Thus, lymphatic vessel compression with resultant functional abnormalities in lymph drainage already occurs during early stages of carcinogenesis. Both abnormal, hyperpermeable blood vasculature and impaired lymphatic function lead to increased interstitial fluid pressure, a (18) . The earliest increase in interstitial fluid pressure reported before the current study was within days of implanting cancer cells in the dorsal skinfold chamber (19) . Using our spontaneous tumor model, we observed increased interstitial fluid pressure in the hyperplastic/dysplastic stage. Therefore, similar to tumors, delivery of chemopreventive agents to hyperplastic/ dysplastic lesions may be hindered by elevated interstitial fluid pressure. Moreover, these findings suggest that optimal scheduling of antiangiogenic agents to normalize the tumor vasculature and enhance the efficacy of chemoradiation therapy, as shown in previous studies (20) (21) (22) , may also be useful to treat early stages of cancer. Furthermore, elevated interstitial fluid pressure could be used to detect early stages of cancer when the disease is more amenable to treatment (19) . Thus, these novel insights may be useful in early cancer detection and treatment.
